This in turn offers new opportunities for the study of blood component production ex vivo and provides a superior tissue system for the study of pathologic mechanisms of human platelet production.
INTRODUCTION
Bone marrow failure is the result of diseases, trauma, or cancer treatments, leading to a decreased production of blood cells and consequent necessity of blood transfusions. 1 There is a critical need for bioengineering models that are able to reproduce key features of the physiological bone marrow environment in order to provide mechanistic understanding and control of hematopoiesis as well as systems for functional blood cell generation and screening of therapeutic compounds ex vivo. [2] [3] [4] [5] Bone marrow microenvironment and "niches", contained in spongy bones, support hematopoietic stem cell self-renewal as well as differentiation into committed lineages in order to support the physiologic homeostasis of blood cells. 6, 7 The venous sinusoids are the site of the passage of mature blood cells between the bone marrow compartment and the blood stream. The walls of the sinusoids consist solely of a layer of endothelial cells on a discontinuous basement membrane. 8 Endothelial cells and extracellular matrix components (ECM) components are important for the maintenance of correct hematopoiesis. [9] [10] [11] In the bone marrow, platelets are generated by megakaryocytes (Mks) that associate with the bone marrow vasculature where they convert their
For personal use only. on . by guest www.bloodjournal.org From cytoplasm into proplatelets that protrude through the vascular endothelium and release platelets into the lumen. [12] [13] [14] In this study, we successfully programmed silk protein biomaterial, a biologically-derived protein polymer with invaluable properties for tissue engineering, 15 to develop an ex vivo threedimensional (3D) tissue model of the bone marrow niche environment in which human Mk function and platelet generation were measured in response to changes in ECM composition, surface topography, stiffness, co-culture with endothelial cells and shear.
METHODS

Silk Scaffolds Fabrication
In order to explore the possibility to employ silk as a scaffold for reproducing the physiologic properties of the basement membrane in vitro, silk solution (1% w/v), produced by degumming
Bombyx mori silkworm cocoons, 16 containing polyethylene oxide (PEO) porogen (0.05% w/v; Sigma) was cast on polydimethylsiloxane (PDMS; Dow Corning) molds (45 μ L/cm 2 of mold surface area) with different patterns (Table 1 ) and dried at 22°C for 16 hours. 17 ECM components were added to the silk film, either coated onto the film surface or entrapped within the silk film. The following ECM components were used: 25 µg/mL type I collagen, 100 µg/mL fibrinogen, 25 µg/mL fibronectin, 25 µg/mL type IV collagen, or 25 µg/mL laminin. In some experiments silk was mixed with ECM components together with 500 ng/mL vascular cell adhesion molecule-1 (VCAM-1) and 500 ng/mL vascular endothelial growth factor (VEGF). To achieve 'High', 'Medium' and 'Low' silk film mechanical properties samples were water annealed 18 in a vacuum chamber containing 100 mL of water at the bottom of chamber at either 60° for 16 hours or 22°C for 16 hours or 4°C for 6
hours.
Bone marrow microvasculature was mimicked by preparation of gel-spun microtubes. 19 Briefly, 15% aqueous silk solution was mixed with fibronectin, type IV collagen and laminin to a final concentration of 25 µg/mL, and with 300 ng/mL SDF-1α. In some experiments the preparation was also mixed with 500 ng/mL vascular cell adhesion molecule-1 (VCAM-1) and 500 ng/mL vascular endothelial growth factor (VEGF). Pores were obtained by adding 6% w/v polyethylene oxide (PEO) to the silk fibroin to a volume ratio of 10:1 silk:PEO. Functionalized silk tubes were trimmed to approximately 1.5 cm in length and secured over the blunt end needles within the perfusion bioreactor chamber.
A porous silk sponge was assembled around the tube using a salt-leaching process. 18 Specifically, a 8% aqueous silk solution was dispensed around the tube and then NaCl particles (approximately 500 µm in diameter) were sifted into the silk solution in a ratio of 1 mL of 8% silk solution to 2 g of NaCl particles. The scaffolds were placed at room temperature for 48 hours and then soaked in distilled water for 48 hours to leach out the NaCl particles.
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The Supplemental Methods section provides all technical details.
RESULTS
Silk film surface topography and stiffness direct human megakaryocyte behavior
Porous silk films were fabricated by casting a silk solution onto a PDMS mold with different pattern ( Figure 1A and Table 1 ). We obtained 2-5 µm thick silk films with pores that transcended through the thickness of the films ( Figure 1B ). As shown in Figure 1C , surface topography significantly affected Mk adhesion as compared to non-patterned silk films. Indeed, Pattern I displayed the major improvement on Mk adhesion, while no significant differences in proplatelet formation were observed ( Figure 1D ). Therefore, Pattern I, was chosen as processing conditions for further characterization. Next, we reproduced different stiffness [20] [21] [22] (hereinafter referred as to "Low", "Medium" and "High" protocols) in our system by varying the processing protocols and the elastic modulus was measured via AFM nano-indentation ( Figure 1E ). As shown in Figure 1F silk film stiffness did not significantly affect Mk adhesion, but did affect the percent of Mks that extended proplatelets, with the Low and Medium stiffness supporting significantly higher percentage of long, branched proplatelets compared to the High stiffness sample ( Figures 1G and 1H ). On this basis, medium stiffness was chosen as the optimum condition to maximize Mk function for further characterization.
Silk film ECM component functionalization supports human megakaryocyte development
Silk films were functionalized by surface coating or entrapment with either type collagen I or fibrinogen. [23] [24] [25] [26] Regardless of the functionalization method, silk films sustained similar Mk adhesion and proplatelet formation as compared to glass coverslips coated with the same molecules (Figures 2A and 2B ). Further, Mk morphology was comparable in all the conditions ( Figure 2C ).
Most importantly, Mks sensed the ECM component entrapped in the silk film. Specifically, sustained spreading and inhibition of proplatelet formation was observed on type I collagen entrapped silk films, while proplatelet formation was observed on fibrinogen entrapped films. Silk films were also functionalized with fibronectin, type IV collagen and laminin, that are the most represented ECM components around the bone marrow sinusoids. 27 Functionalization significantly improved both Mk adhesion and proplatelet formation over the silk film only ( Figures 2D-F ). Overall these data indicated that ECM components are stable inside silk films and maintain their biological activity on Mk function.
Co-culture with endothelial cells increases proplatelet formation and platelet release
Silk films were mounted on plastic transwells. Endothelial primary cells (EPC) from human cord blood 28 were cultured on the bottom side of the silk films until confluence, and Mks seeded on the upper side ( Figure 3A) . Immunofluorescence imaging showed similar endothelial cell cobble-stone morphology on the silk films compared to the glass (Figures 3Bi and 3Bii ) and that co-cultures
For personal use only. on . by guest www.bloodjournal.org From supported both Mk adhesion (Figure 3Biii ) and proplatelet formation (Figure 3Biv) . Importantly, Mks and endothelial cells remained localized to their respective side, separated by the functionalized porous silk film representing the discontinuous physiologic basement membrane of bone vasculature (Figures 3Bv and 3Bvi) . EPCs significantly improved Mk adhesion and proplatelet formation with respect to functionalized silk only ( Figure 3C ). Moreover, a similar increase of both adhesion and proplatelet formation were observed by silk functionalization with human recombinant endothelial-specific molecules such as VEGF, known to enhance platelet production by CXCR4-dependent translocation of Mks to the vascular niche, 29, 30 and VCAM-1, which interacts with the very late antigen-4 mediating Mk attachment and localization to vascular niche ( Figure 3C ). 13, 31 Platelet gate and CD61/CD42b fluorescence were set upon peripheral blood platelet analysis ( Figure 3D ). [32] [33] [34] Interestingly, Mk/EPCs co-culture and VEGF/VCAM-1 inclusion determined a 4-fold and 3-fold increase, respectively, in platelet production with respect to silk films functionalized with ECM components only ( Figure 3E ).
Silk tube mimics bone marrow microvasculature and allows platelet flow
In order to mimic bone marrow microvasculature, we fabricated microtubes 19 functionalized via entrapment of ECM components and SDF-1α as chemo-attractant. The resulting porous silk microtubes, that exhibited physiologically relevant wall thickness (50±20 µm) ( Figure 4A ), were fitted into a bioreactor chamber. Interestingly, functionalized microtubes supported significantly higher Mk adhesion with respect to non-functionalized silk microtubes (Supplemental Figure 1) .
The biocompatible and non-thrombogenic properties of microtubes were demonstrated by perfusion of whole peripheral blood or isolated peripheral blood platelets into the silk microtubes at physiologic shear rate of 60 s -1 ( Figure 4B ). 35, 36 As shown in Figure 4C complete blood counts, before and after perfusion, were almost comparable. Moreover, upon the passage through the functionalized microtubes, platelets remained quiescent and maintained their capability of responding to physiological stimuli from adenosine diphosphate (ADP) or thrombin ( Figure 4D ). No signs of clot formation were observed ( Figure 4E ).
A silk sponge mimics the 3D structure of the bone marrow environment and supports
platelet formation
To mimic the 3D spongy architecture that surrounds the marrow vasculature, we assembled a silk sponge around the functionalized silk microtubes and analyzed its properties in supporting Mk function ( Figure 5A ). Scanning electron microscopy and immunofluorescence confocal microscopy showed that silk sponge consisted of interconnected pores approximately 100-500 µm in diameter 
Ex vivo produced platelets are functional and can contribute to clot formation
We proceeded to analyze the functionality of ex vivo produced platelets. Actin staining demonstrated no relevant cytoskeleton organization in resting platelets (Figure 6Ci ), while, after seeding onto immobilized type I collagen, platelets spread by assembling actin stress fibers
(Figures 6Cii-iv). In order to test platelet functionality in a condition closely mimicking vessel injury
we took advantage of a well characterized flow chamber system, widely employed to study platelet functions. 37, 38 For this experiment, Mks were stained with 0.5 µM carboxyfluorescein diacetate
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CFSE
+ produced platelets were resuspended, to a final concentration of 4X10 6 /mL, in Tyrode's buffer containing 100 µg/mL von Willebrand Factor and perfused over immobilized type I collagen at a shear rate of 1000 s -1 . 39 We observed platelet arrest and adhesion onto the substrate with formation of small platelet aggregates, thus suggesting their ability to promote thrombus formation (Figure 6Cv ). This function was further confirmed by a flow cytometry-based platelet aggregation assay, 40 in which collected platelets were split and single stained with two different antibodies, anti-CD31 and anti-CD42b. Upon union of both platelets populations and activation, we observed the appearance of a double-colored population of aggregated platelets compared to the unactivated control ( Figure 6D ). Platelet function was finally assessed by the study of ex vivo produced platelets participation to clot formation in vitro. 41, 42 CFSE + platelets from our tissue system were mixed with peripheral blood platelet stained with CellTracker Deep Red Dye in Tyrode's buffer containing 1 mg/mL fibrinogen and 1 U/mL thrombin. As shown in Figure 6Ei CFSE + platelets were distributed homogeneously within the sample. Importantly, peripheral blood (red) and ex vivo produced platelets (green) were shown to actively interact based on the appearance of overlapping staining (yellow), thus demonstrating the contribution of the latter to clot formation ( Figure 6Eii ).
Silk vascular tubes can be coated with a confluent endothelium or functionalized with endothelial cells-derived molecules
To further mimic the composition of the vascular niche, HMVEC-d or EPCs were cultured within the silk microtube lumen prior to seeding Mks into the silk sponge ( Figure 7A ). 
Analysis of ex vivo platelet production from human megakaryocytes derived from adult hematopoietic progenitor cells
We finally investigated how Mks derived from peripheral blood progenitors of healthy subjects and patients with primary myelofibrosis behaved within the system. Time course analysis revealed Thanks to this novel system we identified and exploited numerous unique properties of silk biomaterial for physiologically relevant bone marrow modeling and platelet production. First, we modelled silk to control topography and stiffness, both features that have been shown to affect Mk adhesion and proplatelet formation. 21, 46 Cells in vivo are exposed to diverse topographies, depending on tissue structure and ECM composition that may exert a major impact on their function. [47] [48] [49] We demonstrated that lower surface roughness results in a better outcome in terms of
Mk adhesion, consistent with the notion that perivascular space is mainly a continuous surface. 22 In contrast, Mk adhesion was unaffected by substrate stiffness whereas proplatelet formation and branching decreased on stiffer substrates. The rigidity of the human basement membrane located in the perivascular space is still unclear. 22 However, these results are consistent with the evidence that soft substrates better sustain platelet production. 21 Second, we functionalized the silk by either surface coating or entrapment of ECM components. The advantage of entrapping the ECM components within the silk film is that silk has been shown to stabilize bioactive molecules at physiologic conditions without loss of bioactivity. 50 Accordingly, there was no difference between Mk adhesion and proplatelet formation on functionalized silk films that had been coated or that had the ECM protein entrapped within the film as Mks were able to sense the ECM component entrapped in the silk film and behave consequently. Then, we cultured endothelial cells with Mks
Mks/endothelial cells co-culture has shown that chemokines released by the endothelial cells contribute to Mk maturation, Mk localization to the vascular niche, and increased platelet production. 13 Additionally, Mk adhesion to endothelial cells increases Mk proliferation and maturation. 12, 31, 51 We confirmed the importance of Mks and endothelial cells co-culture by measuring a significant increase in platelet production in the co-culture conditions compared to the Mk-only cultures, suggesting that the tunable features of the silk film model, namely ECM entrapment, surface topography, and stiffness, optimized with the concomitant presence of endothelial cells can support platelet production and release ex vivo. In addition, we observed that silk functionalization with VEGF and VCAM-1, recapitulated the increase in platelet production observed in the presence of endothelium, thus suggesting that endothelial cells could be replaced by recombinant endothelial derived molecules.
The insights gained with the basement membrane model guided us in the assembly of the silksponge based bone marrow system closely mimicking the 3D bone marrow structure and composition with great improvement with respect to our previous model. 2 Specifically, a silk sponge mimicked the 3D environment where hematopoiesis takes place; while entrapment of ECM components and SDF-1α in silk microtube wall allowed us to avoid the use of gels, thus obtaining a chemo-attractive thin basement membrane-like layer of silk. Finally, blood flow was mimicked by perfusion of culture media at a shear rate of 60 s -1 that has been described to be exerted into mouse bone marrow sinusoids and to promote platelet production by human Mks. 35, 36 Importantly, media perfusion improved the yield of released platelets through the 3D silk tissue with respect to static condition, while perfusion with reconstituted red blood cells did not impact on platelet production. However, the perfusion of red blood cells represents an important step to strengthen our strategy in reproducing the physiological blood flow of the vascular bone marrow niche and in future will offer the unique possibility to modulate oxygen tension inside the system. 52, 53 Interestingly, further increase in the number of collected platelets was obtained by the presence of endothelial cells within the tube lumen or silk functionalization with endothelium derived recombinant molecules, thus indicating that for future scaled-up production we will be able to avoid the use of endothelial cells by mixing silk with these or others specific recombinant molecules of endothelial origin able to promote Mk function.
Overall, the combination of the unique features of the present model together with the modular bioreactor setup led to a 3-fold increase in total platelet yield as compared to our previous system. 2 Thus, the more closely we mimic the bone marrow environment the greater number of platelets are collected. Even though the number of platelets per Mk may be considered still low with respect to estimated values in vivo, 54 making this a major point to be investigated, we believe that being able to produce sufficient platelets suitable for further analysis is a fundamental advantage toward understanding the mechanisms of platelet production in healthy and disease conditions. To this regard, the improvements of this new system allowed us to better characterize ex vivo produced For personal use only. on July 16, 2017. by guest www.bloodjournal.org From platelet morphology by different microscopy approaches and platelet functionality by a variety of in vitro assays demonstrating the ability to aggregate and form thrombi. Most importantly, we demonstrated that similar platelet production can be obtained by exploiting our system with hematopoietic progenitor cells from different sources, including patient derived Mks. Interestingly, a significant correlation among proplatelet branching along the silk vascular tube, the extent of platelet release ex vivo and in vivo platelet count was observed when Mks, derived from patients with primary myelofibrosis, 45 were seeded in the bone marrow model. This in turn leads us to believe that our system will provide unique opportunities for clinical applications.
Different 3D tools have been described so far in the attempt of supporting thrombopoiesis by both mouse and human Mks differentiated from either hematopoietic progenitors or the promising induced pluripotent stem cells. 4, 5, [55] [56] [57] [58] [59] Despite the usefulness for the advancement in providing systems for platelet production, all these models did not reproduce the complex microenvironment where megakaryopoiesis physiologically takes place. In this regard, a fundamental advantage of our model is its ability to provide the first ex vivo tissue system able to reproduce the 3D structure of the bone marrow niche, in combination with ECM components and physiologic shear rate, for the study of Mk function and platelet formation. Going forward with this system should provide a platform for studying mechanisms of megakaryopoiesis for further elucidation of the processes that regulate platelet production. This insight will in turn shed light on megakaryopoiesis related disease progression. Patient-derived Mks and endothelial cells, which can be derived from several depots throughout the body, can be cultured in this model and used to design patient-specific drug administration regimes. Additionally, ex vivo generated platelets could be used as a source of growth factors for wound healing in regenerative medicine, including healing of recalcitrant ulcers and burns, and stimulation of osseous tissue regeneration in dentistry and maxillofacial plastic surgery. 60 Lastly, this 3D bone marrow tissue perfusion system provides a versatile tool for studying hematopoiesis ex vivo offering additional opportunities in elucidating fundamental biological mechanisms of hematopoiesis and for clinical application in diagnosing and treating disease while avoiding the need for animal models. For personal use only. on . by guest www.bloodjournal.org From
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